INTRODUCTION
The translocation of various solutes across the cytoplasmic membrane of bacteria can occur by proton:solute symport systems [1] . The driving force for secondary solute transport is the electrochemical proton gradient (A/in,) or one of its components: ApH (the chemical component) and A~ (the electrical component), according to the following equation:
A 0 driving force for solute transport = Z log A~ + (m + n) Aq,--Z ApH (l) in which A 0 and A i are the external and internal solute concentration; m the charge of the solute; n the number of protons symported and Z a factor which converts pH-units into millivolts (Z equals 60 at room temperature). A steady-state level of solute accumulation will be reached when this driving force equals zero.
The validity of Eqn.
(1) has been tested for several solutes, both in isolated membrane vesicles [2] [3] [4] [5] [6] and in whole cells [7, 8] of Escherichia coli. Ramos and Kaback [3, 4] determined the steadystate levels of A/irl+, ApH, Aq~ and solute accumulation (A~soj~e) in E. coli membrane vesicles at external pH values ranging from 5 to 8. For the neutral solute lactose the A~1a~to~ was at all pH values proportional with A/Ill+. However, above pH 6.3 the A/in+ was thermodynamically insufficient to account for the concentration gradient of lactose, if the stoichiometry between protons and lactose is 1 during symport. Therefore, the ratio A~lactose/A/ir~÷ (which equals n) has a value Of 1 at pH 5.5 and 2 at pH 7.5.
These results indicate that in E. coil membrane vesicles lactose is symported with a variable number of protons, as outlined by Rottenberg [9] . According to this model the number of protons symported with a solute may depend on the external pH and varies from n at pH 5.5 to (n + 1) at pH 7.5. Also for other solutes, such as lysine [3] , proline [4] , lactate [3, 5] and glucose-6-phosphate [3, 6] , the experimental data indicated a pHdependent variable stoichiometry of proton : solute symport.
The physiological relevance of the phenomenon of variable stoichiometry for intact cells has been questioned [7, 8] . In E. coli cells m/.tlact .... A~ and ApH were measured, and at all pH values tested between 5 and 8, the A/Ill+ exceeded the A/qacto =. Thus, a proton:lactose stoichiometry of 1 could account for the observed values of A~ac,ose in the entire pH range studied.
This apparent discrepancy between the results obtained with isolated membrane vesicles and intact cells of E. coli might however be due to an overestimation of the A/in+ values in intact cells.
In this paper we demonstrate that especially the A~ values measured previously in intact cells were too high, and that also in intact E. coli cells the phenomenon of a pH dependent variable proton:lactose stoichiometry is observed.
MATERIALS AND METHODS
E. co# ML308-225 (i z y + a +)cellswere grown aerobically at 37°C in l-liter erlenmeyer flasks on minimal medium A [10] supplemented with 1% sodium succinate as sole carbon and energy source. The cells were harvested at the end of logarithmic growth and subjected to an EDTA treatment [7] . At the end of the EDTA treatment the cells were washed twice and resuspended in 50 mM potassium phosphate and 1 mM MgSO 4 of pH 5.5, 6.8 or 8.1. The protein concentration of this final suspension was about 80 mg/ml.
The lactose concentration gradient (A/~lactose), A~ and ApH were determined from the uptake of [14C]iactose (0.33 mM final concentration), [ 3 H]tetraphenylphosphonium (TPP +, 13.3 #M) and [14C]benzoic acid (0.12 mM), respectively, using the automated flow-dialysis technique as described by Hellingwerf and Konings [11] at 25°C. The upper compartment of the flow-dialysis vessel was constantly flushed with water saturated air, and contained 270~1 of reaction mixture (50 mM Kphosphate, l mM MgSO4, 0.33 mM lactose, 13.3 /zM TPP + and 0.12 mM benzoic acid, final concentrations, at pH 5.5, 6.8 or 8.1). When the accumulation of either radioactively labelled lactose, TPP + or benzoic acid was studied, the other two compounds were also present in nonlabelled form. The reaction was started by the addition of 30/~1 EDTA treated cell suspension (80 mg/ml) of the same pH. The dilution effect of this addition was taken into account during the calculations. About 10 min after the accumulation had reached a steady state, 3.3 /zM carbonyl cyanide p-trifluoromethoxyphenyl hydrazone (FCCP) was added to stop the accumulation. After a correction for binding had been applied, the accumulation ratios could be calculated using an internal volume of 2.2 /~l/mg protein. Airsaturated buffer (50 mM K-phosphate, l mM MgSO 4, pH 5.5, 6.8 or 8.1) was pumped through the lower compartment. Spectrapor dialysis tubing (Spectrum Medical Industries Inc., Los Angeles) was used.
The pH and concentration dependent binding of TPP + by de-energized E. coli ML 308-225 cells was determined by two independent (different) techniques. The cells were de-energized by treatment with 1% toluene during 1 h at 37°C. In the first method a concentrated suspension of deenergized cells (80 mg protein/ml) was diluted 10-fold into a TPP +-containing buffer of the desired pH. The decrease in the extracellular TPP +-concentration was measured with a TPP + -specific electrode prepared as described in [ 12, 13] . Secondly, binding of TPP + to de-energized cells was determined with the silicon oil centrifugation technique [ 14] .
RESULTS
In our studies on the magnitude of the components of AI2H. in cells of E. coli ML 308-225 we observed that a significant fraction of the accumulated TPP + was bound to components of the cell. Consequently, since only a part of the accumulated TPP + is really free in solution in the intracellular compartment, too high A+ values will be calculated from the apparent distribution of this lipophilic cation.
Binding of TPP + to de-energized cells of E. coli, as measured with the TPP+-selective electrode [12, 13] , is both pH and concentration dependent (Fig. 1) . The amount of TPP + increases with the external pH and is not saturated even at the highest concentration used (about 230/zM). Binding of TPP + to de-energized cells was also determined with the silicon oil centrifugation technique [14] . These experiments yielded exactly the same results as shown in Fig. 1 . Binding of TPP ~-can be dependent on (i) the external concentration and pH only, or (ii) the internal concentration and pH only, or (iii) on both the external and internal concentration and pH. For each situation the fraction of bound TPP + and the fraction of TPP ~ free in solution can be estimated. The highest free internal TPP+-concentration is obtained when binding of TPP ~-depends only on the external (Fig. 2) . The ApH and lactose accumulation ratio were also determined for these cells. We could not detect any binding of the ApH probe (benzoic acid) or lactose to the cells. ApH decreased from -105 mV at pH 5.5 to about 0mV at pH 8.1 (Fig. 2) . In a control experiment no uptake of methylamine was observed indicating that there was not an inverted ApH at pH 8.1. The lactose accumulation was rather constant in the pH range studied; A~lactose varied between -124 mV at pH 5.5 and -113 mV at pH 8.1 (Fig. 2) . It must be emphasized that in all experiments TPP +, benzoic acid and lactose were present, to assure completely identical conditions during the parallel measurements. At each pH value the upper limit of A/i H + can be determined from the sum of the upper A+ value and the ApH. This AkiH+ changes from --182 mV at pH 5.5 to -74 mV at pH 8.1.
DISCUSSION
The results clearly demonstrate that, due to binding of TPP +, serious overestimation of the A+ wtlues and consequently of the A#H + values, in cells of E. coli can be made. Only a fraction of the accumulated TPP + is in free solution inside the cells, and this fraction has to be used to calculate A~ from the Nernst equation. Correction for Ag,-probe binding is the main reason why our A/i n values are lower than those determined by Booth et al. [7] and Zilberstein et al. [8] , who used K + or Rb + in the presence of valinomycine and TPP+, respectively, to determine Aq,. Another explanation for the observation that our A/~H~ values are lower than those reported previously might be that we performed our AkiH+ determinations under conditions of lactose transport (i.e. in the presence of 0.33 mM lactose). It is known that lactose accumulation dissipates part of the A/2H~ [3] . It should be stressed that the A~H. values in E. coli cells reported in this paper are very similar to those determined by Ramos and Kaback [3] for isolated membrane vesicles.
A comparison of the values of A/~M, and A/,tJactos e in intact cells (Fig. 2) shows that the A/~.. exceeds the A/~tactos e at external pH values below pH 7; the inverse is true above this pH value. This means that above pH7 the A/~ri+ is thermodynamically insufficient to account for the observed A/~lacto,~ if the stoichiometry of proton:lactose symport in E. coli cells is 1. At pH 8.1 the ratio A~lactose/m~H~ is about 1.5.
These results are consistent with observations made in membrane vesicles [2] [3] [4] [5] and indicate that also in whole cells the proton:lactose stoichiometry increases with the external pH.
